The performance of an active material for treating uranium contaminated groundwater within a permeable reactive barrier (PRB) is reported. This material, called PANSIL, has a tailored ligand system that selectively removes the uranyl (UO 2
Introduction
Groundwater pollution caused by uranium mining activities is a widespread ecological problem in both Europe and North America. Some of these workings are now abandoned which exacerbates the pollution problems. The threat posed to the environment arises not only from the radioactive emissions from decaying uranium atoms but also from the toxicity of uranium species. Uranium exists in aqueous solution as the very stable UO 2 2+ cation, which has a linear shape, but favours co-ordination from ligands in the plane orthogonal to the O=U=O axis. Thus the speciation of the uranyl ion is pH dependent, partly due to hydrolysis, but also due to the formation of carbonate species in systems open to atmospheric CO 2 or where carbonate minerals are present. This results in the groundwater chemistry of uranium being quite complex and the treatment of contaminated groundwater can be difficult.
Permeable Reactive Barriers (PRBs) have recently become established as an economical technology for the in-situ treatment of groundwater for many contaminants (see for example Gavaskar, 1999; Puls et al., 1999; Blowes et al., 2000; Boyd and Hirsch, 2002) .
A PRB consists of a permeable treatment zone that is formed underground in a natural aquifer and intercepts the pollution plume carried along by the natural head differences in the aquifer.
The reactive component may immobilize the contaminant by one of a number of different attenuation mechanisms (for example, adsorption, chemical reduction, bioremediation, etc.) and a wide range of materials have been used to form barriers.
The purpose of this research was to investigate the performance of a recently developed active material called PANSIL for the treatment of uranium contaminated groundwater within a PRB. Fibres of the material used as the active component of PANSIL have been shown to preferentially adsorb a range of heavy metals in the presence of alkali, alkali-earth and first row transition metals (Lin et al., 1993b; Rivas et al., 2000; Suzuki et al., 2000) . However such fibres are not suitable for use in PRBs due to their reduced mechanical strength after reaction (Lin et al., 1993a) and low permeability, as well as difficulties in designing a PRB with fibres to achieve a particular groundwater residence time. In PANSIL the relatively expensive active component is surface coated onto strong and relatively low cost acid washed sand particles. Thus PANSIL largely retains the properties of the sand and therefore has suitable engineering properties for permeable reactive barrier applications.
PANSIL has been extensively investigated in the laboratory (Bryant et al., 2003; Stewart et al., 2003; Barton et al., 2004) , and this paper focuses on its performance with uranium contaminated groundwater extracted from near a mine tailings disposal site in Hungary.
Materials
PANSIL is polyacryloamidoxime resin coated quartz sand (≈2% resin by wt., Bryant et al., 2003) whose functionality is thought to be derived from the amidoxime groups that act as bidentate ligands for uranyl cations. The lone pairs of electrons on the amino nitrogen and the oxime oxygen are donated to the positive metal centre to form a five-membered ring including the metal. The oxime oxygen can undergo metal-assisted deprotonation (Rivas et al., 2000) further increasing the stability of the ring at intermediate pH. Figure 1 shows an electron micrograph of PANSIL, which consists of sub-rounded particles, with an average particle size of about 1mm. NaHCO 3 , 75 mg/l KCl), and the pH was adjusted to 7 using H 2 SO 4 (0.6 ml per l of 0.1 mol/l).
After pH adjustment an undissolved residue remained, so the synthetic groundwater was filtered and its composition was measured (see 
Methods
The efficiency of PANSIL at sequestering uranium from solution was investigated by: (i) a column test with groundwater from the Hungarian mine site; (ii) two small column tests with Column Test with Site Groundwater -A large column test (length 840 mm, crosssectional area 100 mm 2 ) was conducted using PANSIL to treat the groundwater from the Hungarian mine site. The flow-direction in the column was from bottom to top, and the test was run at room temperature (20 -25°C). The test duration was 256 days, and the total volume of water passed through the column was 4290 ml at a flow-rate of ~ 17 ml/day. The porosity of the PANSIL in the column was 40.7%, so the flow-volume was equivalent to 126 pore volumes, with a residence time of 2 days. Thus, the superficial seepage velocity was about 0.4 m/day, which is at least an order of magnitude higher than the groundwater flow velocity at the Hungarian mine tailings site.
The volume of effluent was monitored daily, and collected for analysis approximately once a week. The total uranyl concentration in both the original groundwater and the column effluent was determined by a fluorimetric method, where the fluorescent intensity of a fused pellet containing the uranyl from the solution sample is compared with that of a blank pellet.
A URANUS fluorimeter manufactured by ALGADE (France) was used. Measurements were made on pellets containing the residue after evaporation of 0.1 ml of solution which was mixed with 10% sodium fluoride and 90% sodium carbonate and fused at 910°C. The detection limit was about 10 μg/l and usually three replicate measurements were made.
Small Column Tests -In the small column tests 10g of PANSIL was mixed with 20g of acid washed quartz sand as a diluant in order to reduce the amount of active material used for a particular column length. Dilution of the PANSIL was necessary in order to shorten the time taken for uranyl breakthrough without altering the residence time of the water within the column. In this study breakthrough is defined as the point beyond which there is a detectable and thereafter increasing UO 2 2+ concentration in the column effluent. The PANSIL/sand mixture was placed in a 25 ml glass column, which resulted in a pore volume of ~ 10 ml. The columns were then saturated by the upward flow of distilled water. Once saturation was achieved the water was displaced with the upward flow of the desired contaminant solution at a constant flow rate of 1.6 ml/hr. This flow rate gave a residence time for the contaminated solution within the column of about 6 hrs. Effluent solutions were diverted through a spur at the top of the columns into covered collection vessels. Effluent solutions were collected once a day, and their volume and pH were measured prior to acidification for UO 2 2+ analysis. Two column tests were conducted as follows;
(i) PANSIL was exposed to uranyl nitrate solution containing 30 mg/l UO 2 2+ buffered to pH 6 until the uranium concentration in the effluent equalled that in the influent; then the column was leached with uncontaminated synthetic groundwater.
(ii) PANSIL was exposed to contaminated synthetic groundwater containing 30 mg/l UO 2 2+ until the UO 2 2+ concentration in the effluent equalled that in the influent; then the column was leached with uncontaminated synthetic groundwater.
In addition a control test on acid washed sand only, using a 30 mg/l uranyl nitrate solution at ~ pH 5, was also run. In this test, initial breakthrough occurred immediately, and influent and effluent UO 2 2+ concentration were equal when the average column loading was only 0.008 g/kg. Thus it was assumed that uranyl sorbed by the sand in the column tests can be ignored.
pH Controlled Batch Exposure Tests -The effectiveness of PANSIL at removing uranyl from water over a range of pH values was investigated using batch exposure tests.
PANSIL was added to stoppered glass bottles containing a uranyl nitrate solution whose pH was adjusted to values between 1.5 and 11 using either HNO 3 or NaOH. The liquid to solid ratio was 30 : 1, and the uranium concentration was 10 mg of UO 2 2+ / l. The bottles were shaken end-over-end for 24 hours, and the supernatant liquor was sampled.
The leachability of uranyl sequestered by PANSIL was also investigated. Exposed PANSIL from two batch exposure tests (with a final pH during the exposure step of between 5 and 6) was subjected to two further leaching steps using distilled water as the leaching solution. In each leaching step the PANSIL was shaken end-over-end in distilled water at a liquid to solid ratio of 30 : 1 for 24 hours. The water from both these steps was then analysed for uranium.
Four longer duration batch exposure tests were conducted over the pH range of 8 to 11. In these tests, small aliquots of the test solution were taken for UO 2 2+ analysis after 24, 48
and 96 hrs. After 96 hrs the contaminant solution was decanted off, and the exposed PANSIL was subjected to three further leaching steps. In these leaching steps PANSIL was shaken end-over-end in distilled water at a liquid to solid ratio of 30:1 for 24 hours. The leaching solution from each step was analysed.
Batch exposure tests with synthetic groundwater -Further batch exposure tests were conducted to investigate the effectiveness of PANSIL at treating the synthetic groundwater. The L:S ratio was 30 : 1, the uranium concentration was 10 mg of UO 2 2+ / l and the test duration was 24 hrs.
The small column tests and all batch tests were conducted at room temperature and atmospheric CO 2 (g) was not excluded. Solution samples (< 0.45 μm) were analysed for pH and then acidified with nitric acid, and stored at 4°C prior to analysis. The uranyl concentration was measured using a spectrophotometric method based upon the complexing reagent 2-(5-Bromo-2-pyridylazo)-5-diethylaminophenol (known as Bromo-PADAP) which has a detection limit of ~ 0.2 mg/l (Johnson and Florence, 1971) .
Results
Column Test with Site Groundwater -Throughout the large column test using the Laboratory Column tests -The smaller laboratory column tests on PANSIL showed that when exposed to uranyl nitrate buffered to pH 6, initial breakthrough occurred at a column loading of about 1.5 g UO 2 2+ per kg of PANSIL, and influent and effluent UO 2
2+
concentrations were equal when the average column loading was 2.8 g/kg (see Figure 3a ).
Subsequent leaching with uncontaminated synthetic groundwater (at ~ pH 7.5) initially liberated UO 2 2+ from the column so that the effluent concentration spiked at nearly three times the influent concentration, but in the long-term the PANSIL retained about 1 g UO 2
per kg. When exposed to synthetic groundwater (30 mg/l UO 2 2+ at ~ pH 7.5), initial breakthrough occurred at an average PANSIL loading of about 1.1 g/kg, and influent and effluent UO 2 2+ concentrations were equal when the average column loading was about 1.7 g/kg (Figure 3b ). During subsequent leaching tests with uncontaminated synthetic groundwater the effluent UO 2 2+ concentration showed no spike, instead it gradually declined, until in the long-term the PANSIL retained about 1.5 g UO 2 2+ per kg.
Batch exposure tests -The 24 hr batch exposure tests conducted with uranyl nitrate solutions buffered to a range of pH values show that PANSIL was effective over a pH range 4.5 to 8, with optimum performance in the pH range 5 to 7.5 (Figure 4) . PANSIL was also very effective at treating the synthetic groundwater (also shown in Figure 4 ).
In the two-stage, distilled water, batch leaching tests on PANSIL that was loaded with uranium at pH 6, the UO 2 2+ concentration in the leachate from the first stage was below the detection limit for the analytical method employed, and was undetectable in the second stage of these tests. These tests confirmed that at the loading used in the batch tests (300 mg of UO 2 2+ per kg of PANSIL), PANSIL strongly binds UO 2
, and once bound that UO 2 2+ is retained in mildly acidic uncontaminated water.
The results of the additional longer duration batch exposure tests are reported in Figure 5 . When the pH > 8 the time taken for PANSIL to reach equilibrium is greater than 48 hrs (and may exceed 96 hrs), which is far longer than at pH 6 where equilibrium was reached in less than 4 hrs. Also, at pH > 7 the amount of UO 2 2+ sorbed after 96 hours decreased with increasing pH.
The leachate from the first distilled water leaching step on the PANSIL exposed for 96
hrs contained 1 mg of UO 2 2+ / l when the pH was 8 during exposure, with the leachate concentration increasing slightly with pH to 1.3 mg of UO 2 2+ / l at pH 11. The leachate from the second leaching step contained 0.6 mg of UO 2 2+ / l when the pH was 8, increasing with pH to 1 mg of UO 2 2+ / l at pH 11. The UO 2 2+ concentration in leachate from the third leaching step was below the detection limit for all the experiments. Thus, for exposure at pH 8, 82% of the UO 2 2+ in the original solution was still attached to the PANSIL, reducing to 48% for exposure at pH 11.
Discussion
To understand the variation in performance of PANSIL with pH and solution composition, numerical modelling has been undertaken using PHREEQE (Version phrq96) equilibrium geochemical modelling software (U.S. Geological Survey) and the CHEMVAL (Version 6) database. Three solutions were modelled: (i) uranyl nitrate conditioned with 100 mg/l carbonate (as sodium carbonate) to replicate the effect of atmospheric CO 2 ; (ii) the synthetic groundwater; and (iii) the groundwater from the Hungarian mine site. All these solutions were modelled under oxic conditions, the first two with a uranyl concentration of 10 mg/l of UO 2
2+
, and the Hungarian groundwater with a uranyl concentration of 0.8 mg/l of UO 2
. The calculated speciation of these solutions is shown in Figure 6 as a percent of the total UO 2 2+ in particular species as a function of pH. In general the uranyl speciation in the three solutions follows similar trends, with the UO 2 2+ cation important below pH 5, neutral UO 2 CO 3 and UO 2 (OH) 2 species important 5 < pH < 7, and anionic uranyl carbonate species dominant above pH 7. However significant differences are that the neutral UO 2 SO 4 specie is also predicted to be important between pH 2 and 5 for both groundwaters, and that the neutral UO 2 (OH) 2 specie persists at a percentage level to above pH 9 in the carbonated uranyl nitrate system, whereas it is below 1% by pH 8 in the synthetic groundwater and pH 7 in Hungarian site groundwater.
As stated earlier, PANSIL functionality is derived from the amidoxime groups that act as bidentate ligands for UO 2
, where the amino nitrogen and the oxime oxygen donate lone pair electrons to the positive metal centre to form a five-membered ring. Thus two factors are thought to explain the pH dependence of UO 2 2+ sequestration by PANSIL in the batch exposure tests. At low pH, protonation of the lone pair electrons on the nitrogen and oxygen sites effectively blocks the active sites on PANSIL. Otherwise it is the speciation of the uranyl ion that controls the effectiveness of the interaction.
In the 24 hour batch tests using uranyl nitrate solutions that were in equilibrium with atmospheric CO 2 , PANSIL was effective up to a pH of between 7.5 and 8. At such pH values the geochemical modelling indicates that the dominant uranyl species are either neutral or anionic. Likewise PANSIL was effective with the bicarbonate buffered synthetic groundwater system at ~ pH 7.5 where, again, the dominant uranyl species are either neutral or anionic. Thus, as the amino and oxime ligands on PANSIL are unlikely to interact effectively with anionic uranyl carbonate species, it is suggested that PANSIL is sequestering the neutral uranyl species.
In the extended duration batch tests using uranyl nitrate solutions, PANSIL was still reasonably effective in the alkaline range, but reaction times were far longer than at pH 6. There seem to be two possible mechanisms by which PANSIL could operate in this range.
Either PANSIL can sorb anionic species (probably electrostatically to locally slightly positive sites on the PANSIL), or the amino and oxime ligands sequester neutral species (albeit present at very low concentrations at high pH) and thus, as equilibrium between the various uranyl species in solution could be continually re-established, PANSIL may slowly sequester significant amounts of uranium. The performance of PANSIL in alkaline conditions is compatible with a combination of both of these mechanisms operating. The extended time periods required to reach equilibrium (> 96hrs) are compatible with sequestration of a minor species. In addition, the retention of significant amounts of uranium after three leaching steps suggests that much of the uranium is strongly sequestered, presumably by bidentate amidoxime ligands. However, the fact that 20% of the UO 2 2+ sorbed at pH 8 was subsequently leached (increasing to 40% of the sorbed UO 2 2+ at pH 11) indicates that there is some weakly sorbed uranyl present on the PANSIL at these pH values, which may represent weak physisorption of anionic uranyl carbonate species.
In laboratory column tests PANSIL was very successful at treating both uranyl nitrate exposed to atmospheric CO 2 at pH ~ 6 and the synthetic groundwater at pH ~ 7.5, with a capacity in the range 1 -1.5 g of UO 2 2+ per kg of PANSIL. However the capacity for uranyl sorption of PANSIL measured in column tests with the groundwater from a Hungarian mine site was significantly lower, at ~ 35 mg UO 2 2+ per kg of PANSIL. Given the relatively small differences between the synthetic groundwater and the Hungarian groundwater (the former contained 30 mg of UO 2 2+ / l and 180 mg/l of carbonate at ~ pH 7.5, the latter contained 1.4 mg of UO 2 2+ / l, ~ 600 mg/l of carbonate at pH 8.1), the large difference in column capacities is initially very surprising. However both these solutions are mildly alkaline, so geochemical modelling suggests that PANSIL must operate by sequestering neutral species. The geochemical modelling predicts that the lower uranyl and higher carbonate concentrations of the Hungarian groundwater resulted in a significantly lower UO 2 (OH) 2 concentration in mildly alkaline conditions than in the synthetic groundwater. It is therefore suggested that this resulted in a slower rate of reaction in the Hungarian groundwater. Thus a residence time of 6 hrs was more than sufficient to remove most of the uranium from the synthetic groundwater (where ~ 1.5% of the uranyl is calculated to be UO 2 (OH) 2 ), but a residence time of 2 days was only just sufficient to successfully treat the Hungarian groundwater (where less than 0.05% of the uranyl is calculated to be UO 2 (OH) 2 ). Breakthrough probably occurred in the Hungarian groundwater column because the sequestration capacity of the PANSIL near the inlet end of the column became exhausted leading to a reduction in the effective residence time of the column.
The extended residence time required to treat the Hungarian groundwater does not necessarily mean that PANSIL cannot be used to treat that solution because a PRB can, within reason, be designed to achieve the required residence time. The groundwater flow velocity at the Hungarian mine site is more than an order of magnitude lower than used in the column test, but as PANSIL is likely to be used within a "funnel and gate" type barrier (where the groundwater is channelled through a reactive zone), the flow velocity used in the column test is of the right magnitude. However, the residence time within the barrier can be extended by increasing the barrier thickness; to a degree this can be achieved without increasing the amount of active material by adding an inert diluant, such as clean sand, to increase the volume of the reactive zone.
Conclusion
PANSIL is effective at sequestering cationic and neutral uranyl species when the solution pH is above 4, due to the stability of the polyacryloamidoxime-uranyl complex formed. However the rate of sequestration decreases rapidly when the pH exceeds about 8
where neutral uranyl species are present only at very low concentrations. Under such conditions PANSIL is thought to sequester those neutral species, and can slowly accumulate significant amounts of uranyl as equilibrium is continually re-established between the various uranyl species in solution. Thus optimum performance is obtained in the pH range 4.5 to 7.5.
Once sequestered under these pH conditions, the uranium is not readily leached from PANSIL.
PANSIL can preferentially sequester uranyl from solutions that are typical of the groundwater from a mine tailings site. However it has been shown that its performance is 
